INTRODUCTION
Tentative processing schemes for enzymatic hydrolysis of cellulose and fermentation of sugars to ethanol have been presented by Wilke, Yang and 2 von Stockar (1) and Cysewski and Wilke (2) . In these process development studies, newsprint has been selected as a representative cellulosic substrate because of availability of information on its composition and related processing characteristics. Recently, however, other cellulosic materials, in the form of agricultural and forest biomass have received increased attention because of their availability in large quantities.
This paper will present a preliminary process design and economic assessment of the production of sugars and ethanol from a typical agricultural residue, corn stover, based on laboratory data for acid pretreatment and enzymatic hydrolysis of the material.
This study is intended to provide a preliminary assessment of the economic feasibility and to identify areas for possible process improvement through further research.
ANALYSIS AND EVALUATION OF POTENTIAL RAW MATERIALS
A range of candidate cellulosic raw materials, mainly in the form of agricultural residues has been analyzed for chemical composition and assessed for potential yields of sugars through chemical pretreatment and enzymatic hydrolysis of these materials.
Chemical Analysis
The approximate compositions of certain agricultural crop residues generated in California are given in Table 1 . The percentage of the solids totaled to less than 100% since not all components were assayed, including protein and sugar derivatives.
Also the ash content measurement suffers from inaccuracies due to oxidation and loss of volatile inorganics at 600°C. Detailed procedures for the analyses are The carbohydrate content is determined as the monomer sugars generated by exhaustive hydrolysis of the solid, as measured by the glucose oxidase-peroxidase and gas chromatographic methods. The content of each monomer is then converted to the weight of the sugar in the polymerized form.
Liquors, such as those generated by the acid or base treatments of cellulosic materials or enzymatic hydrolyses of same, are analyzed as follows: the monomer sugar content is measured by the glucose oxidase-peroxidase and gas chromatography methods. Each liquor is then exhaustively hydrolyzed in 4 w/w% H 2 S0 4 , By this procedure, all polymerized sugar is hydrolyzed to monomer form. The resultant increase in monomer sugar content is labelled as polymerized sugar.
Acid Extraction and Enzymatic Hydrolysis of Raw Materials
Sugar yields by the direct enzymatic hydrolysis of the above agricultural residues are generally very low, ranging from 18% to 34% based on the original carbohydrate content. A series of chemical pretreatment were studied to see if sugar production might be improved (4). The results of these studies showed that pretreatment with dilute sulfuric acid extracted pentose sugars and improved glucose yield in the subsequent enzymatic hydrolysis. CarboilyCirate yields obtained in this manner are summarized in 
As seen from Table 2 , corn stover seems to be a suitable representative residue for further economic analysis for the production of sugars and ethanol.
A laboratory corn stover processing scheme showing more detailed compositions and carbohydrate yields is given in Fig. 2 . In addition to higher sugar yields obtained with acid pretreatment, as mentioned above, another advantage in terms of processing costs is that the solid processed (in the enzymatic hydrolysis section) per gram glucose produced is greatly reduced. Figure 3 is a schematic flow diagram for the corn stover processing plant.
PROCESS DESCRIPTION
Mass flows of the principal streams are indicated on the diagram.
Hydrolysis
The hydrolysis process is identical in concept to that described by Wilke, Yang and von Stockar except for the incorporation of acid pretreatment to the process (1). Table 3 gives the base case design specification.
The primary plant feed consists of 1376 tons per day of corn stover containing 6% moisture. By means of moderate shredding and harnmermilling the feed is reduced to approximately -10 mesh. The size reduction is not cirtical so long as the material will form aqueous suspensions which can be pumped, agitated and filtered.
The milled stover is fed to the acid extraction section. Enzyme 425~ib"-;;;;;tsTD or 102T7D prOlejn Make-up enzyme is produced based on our recent experimental results ox two-stage cell recycle fermentation systems, employing the fungus Trichoderma viride QM 9414. The design basis is given in Table 4 . (14) The enzyme production is carried out in four lines of two fermentors connected in series.
The system is operated at an overall dilution rate of 0.027 hr , excluding the cell recycle stream. Both stages employ agitated stainless steel However, further study of other possible problems of microbial contamination in the hydrolysis system is needed.
Ethanol Fermentation
Ethanol fermentation process is similar to that described by Cysewski and
Wilke (2) with the additional feature of employment of cell recycle. The design basis of the fermentation process is shown in Table 5 .
Sugar concentration from the hydrolyzer is concentrated from 2.6% to 11% 
Methane Generation
Following yeast removal, the bottom stream from the ethanol distillation containing cellobiose, pentose and residual glucose at 1.7% is concentrated to 7.4% and sent to the anaerobic digestion system for methane generation. Methane gas produced at 384 ft 3 /day is sent to the furnace for process steam generation.
Energy Balance Figure 4 shows the flow of energy among the various processing operations, energy quantities are expressed as heat of combustion of the process streams, except for steam which is expressed as available BTU for process heat exchange (934 BTU/lb) and electrical power which is expressed as KW or as equivalent thermal BTU's.
In contrary to the newsprint conversion case where a net energy is produced (6), the present stover process is not ene~gy self-sufficient. However, approximately 70% of the process energy requirements, in the form of steam, can still be self-generated by using available residual solids from the hydrolyzer and methane gas from the anaerobic digestor as fuels. Electricity, under the current process scheme, is assumed brought from a public utility at 3¢/KW-HR. An alternative, however, would be to self-generate the electricity in the field by feeding extra corn stover to the boiler furnace. This would be more economical only if the cost of corn stover is less than $15. per ton. The general cost estimation procedure was that recommended by Peters (7), Holland (8) , and Guthrie (9).
' 56·
The fixed-capital CO$t is estimated as a multiple of purchased cost of the principal items of equipment. In the present case a multiplier of 3.1 was used, except in the case of concrete digester for which the multiple was reduced to 1, 68 because the unit cost already included engineering construction fees. Estimated costs of the principal equipment items were updated from previous reports (1,2) employing a Marshall and Steven Index of 518 corresponding to the 4th quarter of 1977. The total manufacturing cost is subdivided into capital related costs, labor related costs, utilities costs, and raw materials costs. Multipliers, utility rate and chemicals costs are listed in Table 6 -10. A base labor rate of $5.60 per man-hour and a 8,500 hour year was assumed. Taxes were omitted on the assumption that the plant might be tax-exempt, but the effect of potential taxes is considered separately in a subsequent section of the paper (Table 19 ). Cost of process steam was estimated on the basis that it could be generated on the plant site using spent solids as fuel. Capital cost for the steam plant is not included in the fixed capital costs on the assumption that the specified unit cost includes both investment and labor charges. An on-stream efficiency of 90% is assumed, corresponding to 330 days operation per calendar year.
Hydrolysis Process
The resulting fixed capital cost, total manufacturing costs and costs per unit of glucose in the aqueous solution are listed in Table 11 for each of the major processing sections: (1) milling, (2) acid pretreatment, (3) enzyme recovery, (4) hydrolysis, (5) enzyme production. Table 10 BASE UTILITY RATE UNIT UNIT COST UNIT HR. POWER KW-HR.
. 3¢** 9875 STEAM 1000 LB. 24 Table 12 shows the distribution of costs among several categories for the hydrolysis process. As shown in Table 12 , capital related and chemical costs account for about 80% of the overall cost. Table 13 shows that xylose is produced at 5.l¢ per pound in the acid pretreatment section. The total sugar production by the overall hydrolysis process is summarized in Table 14 .
Ethanol Production
The fixed capital cost for the ethanol fermentation process including methane generation are shown in Table 15 . A fixed capital of $7,000.000 is required to produced 31,480 gal/day of 95% ethanol from the hydrolyzate sugars. A breakdown of ethanol production costs is shown in Table 16 . Of the $1.79/gal production cost 75.7% is related to the glucose cost oflO.O¢/lb.
The methane generation facility can be viewed as a means of waste treatment to permit reuse of water in the process. A unit treatment cost of $14 per 1000 gallons for a scale of 200,000 GPD were updated from estimates by T.G. Shea for treating rum Jistillery slops by anaerobic digestion (9) . In spite of relatively favorable economics of using evaporation and anerobic digestion compared to other methods given in Table 17 , other alternatives should be investigated. These might include evaporation to produce solids for animal feedstuff and the conversion of cellobiose (comprising 50% of the residual sugars) to glucose for ethanol production.
Overall Analysis
An overall capital investment for processing 1376 tons/day of stover for the 25 for the production of ethanol and other by-products is $37,1000,000. Table 18 summarizes the products of the overall process, product costs and estimated value of the by-products. Yeast cake is assumed to be used as a substitute for soybean as an animal feed, although debittered yeast cake may be sold as protein food supplement at a higher price (11) . Mycelium is assumed to be used as a cattle feedstuff. On the basis of the assumed by-product credits, analysis indicates that 95% ethanol might be produced for about $1.60/gal, assuming zero cost for the corn stover. Table 19 gives the estimated incremental increase in alcohol cost per gallon under economic assumptions more representative of the private economy with respect to interest rates and taxes and with a cost of $30/per ton for the cellulosic feed.
Under these assumptions the cost of ethanol would become about $3.50/gal.
DISCUSSION Enzyme Recovery
In the base design case considered thus far, 58% enzyme recovery has been assumed based on a preliminary experiment. Subsequent laboratory results on the Filter Paper Activity of hydrolyzate suggests that the percentage of enzyme recovery may actually be smaller. Further experiments are being carried out to obtain a more precise percentage of enzyme recovery based on the actual process scheme.
Therefore, ethanol costs have been estimated for a range of enzyme recovery from 20% to 60% as shown in Figure 5 .
Fermentability of Enzymatic Hydrolyzate
Preliminary experiments were conducted to determine the fermentability of enzymatic hydrolyzate of corn stover by ~. cerevisiae. It was found that the fermentability decreased as the hydrolyzate was concentrated to more than 3-fold by evaporation at 100°C. It was observed, however, that when the hydrolyzate was concentrated by vacuum evaporation glucose was completely fermented. However, a Another area for major process improvement is to get a better hydrolysis yield by substrate pretreatment. One of the treatment methods we are studying currently is nitric-oxide treatment in the gas phase at room temperature (13) .
This method appears to open up the lignin structure and greatly improve subsequent enzymatic hydrolysis.
In connection with product yield, raw material cost is an important factor.
The higher the product yield, the lesser contribution of the raw material cost to the product cost as demonstated in Fig. 6 . Each $10 per ton of stover cost adds 18¢/ga1 to the ethanol cost assuming a complete cellulose conversion yielding 18% wt of ethanol from stover. An absolute maximum yield of 24 wt% can be obtained assuming a complete conversion of stover to glucose and xylose. In this case, each $10/ton stover adds 14¢/ga1 to the ethanol cost. Therefore consideration must be given to lower cost sources of raw materials including utilization of solid waste and coordination of cellulose processing with agricultural operations and food production.
Other anticipated areas of process improvement include development of more effective enzyme systems, of more economic enzyme production and methods for enzyme recovery and reuse. 
